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The vitamin A deficient (VAD) quail embryo lacks active retinoids, fails to express normally GATA-4, and develops a
nonlooping heart tube morphogenetic defect that is a model for congenital cardiomyopathy. VAD quail embryos, or chick
embryos depleted specifically for GATA factors, show in addition abnormal foregut development, characterized by apoptosis
of the endoderm cells associated with presumptive myocardium during the process of heart tube formation. Exogenous
retinoic acid or transplantation of normal chick embryo anterior endoderm is sufficient to rescue apoptosis as well as
GATA-4 expression and results in normal development and heart tube morphogenesis. Normal posterior endoderm also
contains retinoids but is unable to rescue the VAD defect. Our results indicate that a retinoid-dependent transcriptional
program, mediated at least in part by GATA factors, is critical in presumptive foregut endoderm for normal heart tube
morphogenesis. © 2000 Academic Press
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Vitamin A is essential for normal vertebrate embryogen-
esis; its metabolic derivatives, including retinoic acid (RA),
are implicated widely in the regulation of cellular growth,
differentiation, and pattern formation (Hoffman and
Eichele, 1994). Retinoids signal through a family of nuclear
receptors (RARs) that dimerize with RXRs to regulate
transcription. Defining the pattern of active RA signaling
within an embryo has been an important goal toward
understanding stage and tissue-specific regulation of RA-
dependent gene expression. An emerging consensus is that
RA, RA synthesizing enzymes, cellular RA binding pro-
teins, and RA inactivating enzymes are present in patterns
with discrete boundaries (Bavic et al., 1996; Fujii et al.,
997; Maden et al., 1998; Moss et al., 1998) that are likely
o play important roles in establishing differential gene
xpression in regions and developing tissues of the early
1 To whom correspondence should be addressed at 1300 Morris
Park Avenue, Chanin 503, Bronx, NY 10461. Telephone: (718)h430-3506. Fax: (718) 430-8988. E-mail: tevans@aecom.yu.edu.
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All rights of reproduction in any form reserved.mbryo. For example, gastrulating avian embryos have very
ow RA levels, present primarily in caudal regions, and
here is a significant increase in RA generation from this
ime until stage 10 (Maden et al., 1998), during early
ormative stages of organ development.
The heart is the first functional organ to develop and is
ighly sensitive to changes in RA levels (Kubalak and
ucov, 1999; Smith and Dickman, 1997). Vitamin A defi-
iency (VAD) results in a syndrome characterized by severe
mbryonic defects including aberrant development of the
ardiovascular system. A VAD quail model has been used to
how that a lack of retinoids results in a thin, nonseptated,
ypoplastic heart tube that fails to loop or develop an
nflow tract (Heine et al., 1985; Kostetskii et al., 1999; Zile,
998); early manifestation of VAD can lead to cardia bifida
duplicated hearts caused by failure to form a single heart
ube). The VAD phenotype can be rescued at or prior to
mbryonic stage 81 (5 somites) by an exogenous supply of
etinoids (Dersch and Zile, 1993; Kostetskii et al., 1998). A
onserved function for retinoids in heart development was
onfirmed recently by a targeted mutation of the retinalde-
yde dehydrogenase-2 gene (Niederreither et al., 1999).
59
D
d
s
w
g
a
l
(
h
d
i
G
1
f
t
a
a
a
g
t
m
f
T
V
i
t
d
N
i
F
r
1
c
a
i
(
e
(
p
t
60 Ghatpande et al.These mice fail to synthesize RA during embryogenesis and
develop a defective dilated heart cavity. Interestingly, ex-
cess RA can produce similar developmental defects in many
of the same tissues affected by VAD (Modak et al., 1993;
rysdale et al., 1997; Osmond et al., 1991). Although the
efects caused by deficient and excess RA have not been
hown to be linked mechanistically, the data are consistent
ith a requirement for regulating levels of RA-dependent
ene expression for patterning early organ development.
The target genes that mediate the effects of RA signaling
re mostly unknown, although a large body of literature
inks retinoids to the regulation of homeobox (HOX) genes
Conlon, 1995), and additional targets with respect to the
eart are likely to include developmentally important car-
iogenic transcription factors. Key transcription factors
nvolved in cardiogenesis include those of the Nkx2,
ATA, MEF2, and HAND families (Fishman and Olson,
997; Olson and Srivastava, 1996). Loss-of function studies
or these genes indicate primary roles in regulating heart
ube formation and looping (Mohun and Sparrow, 1997),
lthough other early roles, for example in cell specification,
re likely compensated by related family members (Fu et
l., 1998; Grow and Krieg, 1998). In VAD quail embryos,
enes encoding sarcomeric differentiation products and the
ranscription factor Nkx2.5 are transcribed apparently nor-
ally. However, the retinoic acid receptor RARb2 and the
transcription factor GATA-4 both fail to be transcribed in
prospective heart forming regions, posterior heart tube, or
inflow tract, as well as associated foregut endoderm
(Kostetskii et al., 1999, 1998). This indicates a specific role
or GATA-4 in retinoid-mediated cardiac morphogenesis.
he normal expression pattern of GATA-4 is restored in
AD embryos rescued by a single dose of retinoids admin-
stered before the six-somite stage (Kostetskii et al., 1999).
The GATA-4/5/6 genes encode related transcription fac-
ors implicated in the development of cardiovascular, repro-
uctive, and endoderm-derived tissues (Charron and
emer, 1999; Evans, 1997). The function of GATA factors
n heart development appears complex and multifaceted.
or example, in vitro studies support a role for GATA-4 in
egulating cardiomyocyte differentiation (Grepin et al.,
997), and numerous cardiomyocyte differentiation genes
ontain GATA-binding cis-regulatory elements (Charron
nd Nemer, 1999; Evans, 1997). GATA factors are also
mplicated in regulating a cardiac hypertrophic response
Molkentin et al., 1998), myocardial cell proliferation (Gove
t al., 1997), transcriptional activation of the Nkx2.5 gene
Lien et al., 1999; Searcy et al., 1998), and restriction in the
attern of Nkx2.5 transcription to the myocardial progeni-
ors (Jiang et al., 1999). However, gene disruption experi-
ments in mice indicate that GATA-4 is not required for
specification or differentiation of myocardial or endocardial
lineages, but is necessary for embryonic ventral morpho-
genesis relevant to developing heart tube and foregut; the
GATA-4 null mutation results in cardia bifida (Kuo et al.,
1997; Molkentin et al., 1997). Likewise, chicken embryos
depleted of GATA-4/5/6 transcripts develop with heart tube
Copyright © 2000 by Academic Press. All rightdefects strikingly similar to the GATA-4 mutant mice
(Jiang et al., 1998). Recently, patients with deletions of
chromosome region 8p23.1 were shown to be haplo-
insufficient at the GATA-4 locus (Pehlivan et al., 1999),
indicating that GATA-4 deficiency might contribute to
human congenital cardiac disease.
A clue to the function of GATA-4/5/6 in heart develop-
ment comes from the analysis of chimeric mice composed
of wild-type and GATA-4 mutant cells. The presence of a
functional GATA-4 gene in cells that contribute only to
primitive (extraembryonic) and definitive anterior (pre-
sumptive foregut) endoderm is sufficient for normal heart
formation (Narita et al., 1997). Therefore, to understand the
function of GATA factors during early heart development,
it will be necessary to determine what role they play in
endoderm and how this endoderm affects heart tube mor-
phogenesis. In this study, we exploit the VAD quail model
to investigate the cause of heart tube failure when the
RA-dependent GATA-4 pathway is disrupted. Our results
suggest that the primary defect in heart tube development
of the VAD embryo may be attributed to defective foregut,
supporting a model in which RA controls a GATA-
dependent transcriptional program in embryonic endoderm
that regulates heart tube formation and morphogenesis.
MATERIALS AND METHODS
Embryo culture and manipulation. VAD quail eggs were ob-
tained from birds fed with a special diet as described (Dersch and
Zile, 1993); chicken eggs were purchased from Spafas. Fertilized
quail and chicken eggs were incubated at 38 6 1°C for the
appropriate period and staged according to Hamburger and Hamil-
ton, (1951). For in ovo rescue experiments, 10 ng of all-trans-
retinoic acid (Sigma) was injected in VAD embryo blastoderms at
stage 6 as described (Kostetskii et al., 1998). Embryos were cultured
in vitro by the method of New (1955). The in vitro culture of VAD
embryos allows precise determination of developmental stages for
grafting experiments. Because of the small size of quail blasto-
derms, we used a modification of New’s method, in which smaller
glass rings (15 mm in inner diameter) support the quail vitelline
membrane. Using this system embryos cultured from stages 3–5
grew similar to their in ovo counterparts. For endoderm trans-
plants, cultured chicken embryos were isolated at the definitive
primitive streak stage and used as donors. Endoderm was isolated
manually using glass needles from either side of the primitive
streak. Stage-matched VAD quail embryos were selected as hosts
for transplantation by excising anterior endoderm manually and
replacing the tissue with normal chicken endodermal grafts. Grafts
were derived from either the left or right side, but were always
placed into the corresponding position (left to left, right to right).
After placing the graft, excess saline solution was aspirated to
facilitate adhesion and chimeric embryos were allowed to heal at
room temperature for 1 h before incubation at 37.5°C for 12–24 h.
Fuelgen staining was performed on sections of chimeras as de-
scribed (Le Douarin et al., 1978).
Histology and TUNEL assays. Embryos isolated from eggs or
following in vitro culture were observed for gross morphology,
fixed in freshly prepared 4% paraformaldehyde, dehydrated, xylene
cleared, paraffin embedded (Paraplast), and sectioned (10 mm).
s of reproduction in any form reserved.
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61Regulation of Heart Tube Development by Foregut EndodermTUNEL assays were performed using an in situ cell death detection
kit (fluorescein-based) according to the manufacturer’s protocol
(Boehringer Mannheim). Briefly, paraffin sections were deparaf-
finized using Hemo-De (Fisher), sequentially hydrated with ethanol
and phosphate-buffered saline (PBS, pH 7.2), washed twice in PBS,
and then digested with a solution of 10 mg/ml proteinase K for 5
min at room temperature. Sections were washed three times with
PBS and the in situ cell death reaction mix was overlaid. The
amples were incubated for 1 h at 37°C, washed once, coverslipped,
nd observed for fluorescence using a Nikon epifluorescence mi-
roscope.
Retinoic acid reporter assay. The RA reporter assay was per-
ormed as described (Wagner, 1998). Anterior or posterior
ndoderm explants were cultured on F9-RARE/LacZ reporter cells
vernight at 37°C, fixed, and then stained for b-galactosidase
vernight at 37°C.
Gene expression analysis. Explants of anterior or posterior
egions were cultured in vitro in 35-mm petri dishes containing
MEM supplemented with 10% fetal bovine serum, 2% chicken
erum, and 0.1% pen/strep antibiotics for 48 h. Whole heart
orming regions of stage 4 embryos were cultured as a positive
ontrol. Explants were fixed in 4% paraformaldehyde and washed
n 13 PBS. Whole-mount in situ hybridization was performed as
escribed (Jiang et al., 1998).
Antisense oligomer treatment. Embryos isolated from cultured
ggs at the definitive primitive streak stage were treated under
ew’s culture conditions as otherwise described (Jiang et al., 1998)
ith a solution of 80 mM phosphorothioate antisense oligomers,
either specific to GATA-4/5/6 or of randomized sequence. The
oligomers were synthesized with a p-ethoxy modification (Oligos
Etc). Embryos were allowed to develop for 16–24 h before further
processing.
RESULTS
VAD embryos display apoptosis in the presumptive
foregut. VAD embryos develop in ovo with a single dis-
ended heart tube that fails at the posterior inflow tract to
onnect with omphalomesenteric veins. The embryos often
isplay situs inversus and are prone to cardia bifida when
ultured in vitro. We considered whether the failure of
eart tube development was caused by a defect in the
urvival of certain myocardial progenitors. When compared
sing a TUNEL assay at stage 6, sections from normal and
AD embryos appear similar, containing rare apoptotic
ells scattered apparently randomly in all three germ layers
Fig. 1a). However, apoptotic cells are detected consistently
s early as stage 8 in VAD embryos, not in the cardiomyo-
yte progenitors, but in the presumptive foregut endoderm
hile the formation of the foregut is in progress. Apoptotic
ells are found in the right and left foregut primordia, which
re at the leading edge of the prefusing (Fig. 1b) or fusing
Fig. 1c) myocardial progenitor population during formation
f a ventral midline tube. In contrast to the presumptive
oregut endoderm, the promyocardial cells are not TUNEL
ositive. Similarly, apoptotic cells are absent or rare in the
bnormal heart tube of a stage 11 VAD embryo, while the
ntire floor of the foregut contains many apoptotic cells
Fig. 1d). At this stage significant numbers of cells are also f
Copyright © 2000 by Academic Press. All rightpoptotic in the neural plate and particularly within devel-
ping head mesenchyme (see also Maden et al., 1997).
ontrol normal quail embryos do not show apoptosis of the
oregut at stages 11 (Fig. 1e) or 8 (Fig. 1f).
In ovo treatment with RA is sufficient to rescue foregut
poptosis in VAD embryos. It was demonstrated previ-
usly that a single in ovo injection of retinoids, at or prior to
he five-somite stage, can rescue the VAD phenotype
Kostetskii et al., 1998), including apoptosis that otherwise
ccurs in the developing nervous system (Maden et al.,
997). Therefore, we injected VAD blastoderms with 10 ng
f RA at stage 6 and allowed them to grow in ovo for 24–48
. Untreated or RA-injected embryos were processed sub-
equently for TUNEL assays to examine apoptosis. In
ontrast to the untreated VAD embryos (Fig. 1g), foregut
ells of RA-injected stage 11 embryos are not apoptotic (Fig.
h); the other highly apoptotic areas were also generally
escued concomitant with normal morphogenesis (this is
ot the case in the example shown, in which apoptosis was
ot rescued in part of the neural tube, serving here as a
ositive control for the cell death assay). We conclude that
A is essential for survival of presumptive foregut
ndoderm cells and that defective foregut development may
ontribute to abnormal heart tube morphogenesis in these
mbryos.
Transplantation of normal anterior endoderm rescues
oregut apoptosis and the abnormal heart phenotype of
AD embryos. Foregut endoderm and cardiac mesoderm
re in close contact during gastrulation. Therefore, we
ested directly whether normal presumptive foregut
ndoderm is sufficient to rescue heart tube morphogenesis.
or this purpose, explants of prospective foregut (anterior)
ndoderm were isolated from normal chicken embryos and
ransplanted to stage-matched VAD embryos; chimeras
ere cultured in vitro to stage 10. In this set of experiments,
ndividual explants were grafted in place of either left or
ight side anterior embryonic endoderm. The grafted VAD
mbryos develop with a normal heart tube (Fig. 2a). The
bility to rescue the phenotype is specific for anterior
ndoderm, as posterior endoderm grafts fail to rescue the
eart tube defect or embryonic development in general (Fig.
b). The location and approximate size of the explants used
or transplantation are illustrated in Fig. 2c. A total of 56
AD embryos received endoderm grafts: of 40 anterior
ndoderm grafts, 23 chimeric embryos were rescued for
eart tube development (58%), while none of the 16 em-
ryos receiving posterior endoderm grafts were rescued.
We confirmed by TUNEL assays that the rescue of
evelopment by anterior endoderm correlates with a com-
lete abrogation of foregut apoptosis (Figs. 3a and 3b). One
dvantage of using a chick/quail chimeric transplant is that
he contribution of donor cells can be traced by histological
xamination (Fontaine and Le Douarin, 1977; Stern and
reland, 1981). When chimeric embryos rescued by anterior
ndoderm transplantation were examined by Feulgen stain-
ng, donor chicken endoderm was found to contribute to the
ormation of a chimeric foregut (Figs. 3c and 3d), as well as
s of reproduction in any form reserved.
62 Ghatpande et al.FIG. 1. Foregut endoderm cells of VAD embryos are apoptotic. TUNEL-processed cross-sections are shown of VAD or normal embryos at
various stages. Embryos are oriented dorsal to the top. Apoptotic cells are visible as bright yellow fluorescence. (a) Stage 6 VAD embryo does
not display specific patterns of apoptosis. (b) By stage 8, apoptotic cells are seen at the leading edge of the prefusion heart tubes in
endoderm-derived cells that will form the floor of the foregut. (c) As the endoderm primordia meet, the future foregut cells but not the
myocardial progenitors are apoptotic. (d) In a stage 11 VAD embryo, the entire floor of the foregut contains apoptotic cells. By this stage,
considerable numbers of apoptotic cells are also obvious around the neural tube and in head mesenchyme. However, the myocardium of
the defective heart tube does not contain apoptotic cells. These are also absent in sections from normal control embryos analyzed at stage
8 (e) or 11 (f). (g, h) Exogenous RA rescues foregut apoptosis and heart tube development. VAD blastoderms were injected with DMSO
(control VAD embryo, g) or RA (h) and cultured in ovo to stage 11 before cross-sections were isolated and processed by TUNEL. Note
extensive apoptosis in the foregut of the control VAD embryo with a thin, nonlooping myocardium. In the RA-injected embryo, the
apoptosis in the foregut is essentially eliminated and a normal heart tube forms. In this particular embryo, apoptosis in the neural tube was
not rescued. This is probably an artifact of the injection, but serves in this case as a control for the TUNEL assay. Note also that a normal
mesocardium forms in the rescued embryo connecting the heart tube and foregut (asterisk), while this is missing in the control-treated
embryo. CP, cardiac progenitors (presumptive myocardium); FG, foregut; NT, neural tube; HT, heart.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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63Regulation of Heart Tube Development by Foregut Endodermextraembryonic endoderm. In contrast, donor cells of
chicken origin were not detected in the myocardium of the
rescued chimeras. The explants apparently undergo signifi-
FIG. 2. Transplantation of normal anterior endoderm is able to res
was transplanted with an explant of normal stage-matched anterior
by the red outline in the inset). (b) In contrast, VAD embryos transpl
nonlooping bulbous heart tube. (c) Boxes illustrate the relative posit
or posterior endoderm (PE) of stage 4 embryos.
FIG. 3. Anterior endoderm rescues the VAD phenotype and contri
1 on cross-sections of stage 11 chimeric embryos transplanted w
endoderm rescues foregut apoptosis, while the embryo in (b) show
displays a cardia bifida phenotype although only one heart tube
cross-section of a VAD embryo transplanted with normal chicken a
shown at higher magnification in (d), where arrows indicate diff
chimeric embryo. We also detected chicken cells contributing to e
in (c). NT, neural tube; NC, notochord; FG, foregut.cant cell mixing in the chimeric embryos and transplanta- t
Copyright © 2000 by Academic Press. All rightion to one side is sufficient to rescue development. As a
urther control to ensure that normal myocardium did not
ontaminate the endoderm grafts, representative donor an-
he VAD phenotype. (a) An example is shown of a VAD embryo that
derm. By stage 11 a normal looping heart tube is formed (illustrated
d with posterior endoderm are not rescued, resulting in a distended,
and sizes of the explants taken either from anterior endoderm (AE)
s to foregut but not heart. TUNEL assays were performed as in Fig.
either anterior endoderm (a) or posterior endoderm (b). Anterior
tensive apoptosis in the foregut endoderm. This mutant embryo
own. Labeling is as in Fig. 1. Shown in (c) is a Feulgen-stained
or endoderm, oriented dorsal to the top. The box indicates the field
ially stained chicken cells that contribute to the foregut of the
mbryonic endoderm, for example, as indicated by the arrowheadscue t
endo
ante
ions
bute
ith
s ex
is sh
nteri
erent
xtraeerior endoderm explants isolated at stage 4 were cultured
s of reproduction in any form reserved.
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64 Ghatpande et al.in vitro for 48 h and examined subsequently by immuno-
histochemistry for MF20 (muscle myosin)-positive cells.
Donor endoderm was free of myosin-positive cells, while
similar explants taken from mesoderm-containing heart-
forming regions were consistently positive using the MF20
antibody (data not shown).
Expression of GATA-4 in heart tubes after transplanta-
tion of normal anterior endoderm. As reported previously
(Kostetskii et al., 1999, 1998) administration of RA at or
before the five-somite stage can rescue the VAD phenotype
as well as restore normal patterns of GATA-4 in the
heart-forming region and foregut. We therefore tested the
ability of anterior endoderm to rescue expression of
GATA-4 in the chimeric embryos. VAD embryos trans-
planted with either anterior or posterior normal chick
endoderm were analyzed for GATA-4 transcripts at stages
10–11 by whole-mount in situ hybridization. We find that
anterior endoderm rescues expression of GATA-4 in the
looping heart tube as well as foregut, while embryos trans-
planted with posterior endoderm explants that do not
rescue heart tube development fail to express GATA-4 (Fig.
4). These results indicate that anterior definitive endoderm
is sufficient to induce normal patterns of GATA-4 expres-
sion critical for embryonic heart tube development.
RA present in explants is not sufficient to rescue heart
development in the absence of anterior endoderm. We
demonstrated that either injected RA or transplanted nor-
mal anterior endoderm is able to alleviate foregut apoptosis
and rescue the VAD heart tube defect. Therefore, it is
possible that anterior endoderm explants, but not posterior
explants, are capable of delivering RA to transplanted VAD
embryos and that this variance might explain the differen-
tial rescue capabilities of the two regions. Previous studies
using HPLC analysis and RA reporter cell assays reported
that, at stage 4, the posterior end of the embryo has slightly
higher levels of RA than the anterior end (Maden et al.,
1998; Wagner et al., 1992). In order to analyze RA release
from endoderm explants, we used the established cell
culture reporter assay as an indirect measure of the RA-
releasing capabilities. Either anterior or posterior endoderm
explants from normal chicken or VAD embryos were cul-
tured on layers of F9-RARELacZ cells, followed by subse-
quent staining of the F9 cells for b-galactosidase. We
confirmed that both anterior and posterior endoderm ex-
plants are capable of releasing RA as determined by this
assay (Fig. 5). Therefore, despite the presence of RA, poste-
rior endoderm appears to lack factor(s) required in addition
to RA to support normal heart tube morphogenesis. Our
results indicate that RA is required, perhaps in addition to
an anterior-specific signal, for activation in anterior
endoderm of GATA-4 and unknown morphogenetic regula-
tory genes. This RA-dependent program is important for
survival of foregut endoderm and subsequent expression of
an endoderm-dependent morphogenetic pathway that regu-
lates formation and development of a normal heart tube.
Copyright © 2000 by Academic Press. All rightDepletion during gastrulation of GATA-4/5/6 tran-
cripts affects foregut development. We showed previ-
usly that chick embryos depleted of GATA-4/5/6 tran-
cripts by antisense oligomer treatment between stages 7
nd 10 develop morphogenetic abnormalities, including
ardia bifida (Jiang et al., 1998). We also showed that
ndividual oligomers deplete specifically the targeted
RNAs, although this leads to a reduction and not an
limination of the transcripts (Jiang et al., 1998). The
revious culture methodology precluded analysis at earlier
tages of development. We adapted the protocol using
ew’s culture technique, which allows normal develop-
ent of cultured gastrula (stage 4) embryos. Treatment of
hicken embryos cultured in vitro from the definitive
treak stage recapitulated our previous results (data to be
resented elsewhere). The heart tube phenotype of GATA-
epleted embryos using the antisense technique is variable
ut often includes cardia bifida (Fig. 6). Upon histological
nalysis, we also identified specific alterations of the
oregut. In untreated or control oligomer-treated embryos,
he normal foregut roof is composed of a single layer of
uboidal cells, while mutant (antisense-treated) embryos
evelop with a collapsed foregut lumen; the foregut epithe-
ium is thicker and consists of columnar cells (Fig. 6b). In
rder to determine if cell death was occurring in the mutant
mbryos, sections from control and antisense-treated em-
ryos were subjected to TUNEL analysis. Embryos treated
ith control random sequence oligomers did not display
poptotic endoderm (Fig. 6c). In contrast, apoptotic cells
ere detected specifically in the developing foregut and
xtraembryonic endoderm of antisense-treated embryos
Fig. 6d) and were not found in developing myocardium,
ndocardium, or sinus venosus. The data provide further
vidence that GATA factors are required in anterior
ndoderm for foregut development relevant to heart tube
ormation.
DISCUSSION
Our results support a function for normal anterior foregut
endoderm in the regulation of heart tube morphogenesis.
Prospective foregut endoderm and precardiac mesoderm are
associated closely during development, and this interaction
is believed to be important for mutual inductive influences
on both germ layers (Tam and Schoenwolf, 1999). Fate-
mapping studies in frog (Keller, 1976), chick (Rosenquist,
1971), and mouse (Lawson and Pedersen, 1987; Tam and
Beddington, 1987) showed that the location of endoderm-
derived presumptive foregut progenitor cells next to the
heart mesoderm is a conserved feature of vertebrate devel-
opment. In birds, as cardiogenic mesoderm ingresses
through the primitive streak, definitive endoderm is re-
cruited to displace extraembryonic endoderm. After gastru-
lation, the precardiac mesoderm and definitive (presump-
tive foregut) endoderm move together and remain
associated throughout heart tube formation (Hatada and
s of reproduction in any form reserved.
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65Regulation of Heart Tube Development by Foregut EndodermStern, 1994). During normal development, committed car-
diogenic mesoderm moves ventrally along with the associ-
ated endoderm; folding and fusion of promyocardium occurs
along the anterior intestinal portal to form the primitive
heart tube just below the floor of the foregut; the endoderm
progenitors are enclosed and contribute to the floor of the
foregut.
A role for endoderm in inducing heart formation has been
debated at least since DeHaan (1964) showed that removing
endoderm from pregastrula embryos blocks formation of
normal beating hearts (reviewed in Nascone and Mercola,
1996; Schultheiss and Lassar, 1999). An early inductive
influence of endoderm is consistent with explant studies in
both frog (Nascone and Mercola, 1995) and chick (Schul-
theiss et al., 1995), demonstrating the ability of anterior
endoderm to induce cardiac-specific gene expression in cells
fated normally to form other tissues. However, the function
of endoderm in regulating myocardial development in the
postgastrula embryo is less clear. Notably, Bader and col-
leagues showed that unilateral removal of anterior
endoderm in situ at stage 4 (but not after stage 7) blocks
yofibrillogenesis and the formation of beating hearts (Gan-
on and Bader, 1995) and that removal of endoderm after
astrulation does not inhibit properly patterned expression
f myocardial differentiation markers (Yutzey et al., 1995).
However, a function for presumptive foregut endoderm in
egulating heart tube formation rather than myocardial
ifferentiation is consistent with recent analyses of certain
argeted mouse mutations, including those of the HNF3b
and GATA-4 genes. The HNF3b gene is expressed in primi-
ive and definitive endoderm and homozygous mutants die
etween 6.5 and 9.5 days of gestation due to early patterning
efects, attributed to failure of node formation and visceral
ndoderm development (Ang and Rossant, 1994; Weinstein
t al., 1994). Investigation into later roles of HNF3b was
ade possible in embryo–ES cell aggregation experiments
escued for primitive endoderm (Dufort et al., 1998). These
utant chimeric embryos lack foregut endoderm and die of
severe cardiac morphogenetic defect; the heart tubes form
ut fail to loop or beat, and by 9.5 days the pericardial cavity
s swelled. Because HNF3b is not expressed in the heart, the
cardiac defects appear to be caused by the lack of normal
foregut endoderm.
Because the GATA-4/5/6 genes are expressed in precar-
diac mesoderm, studies of their function in heart develop-
ment have focused primarily on cardiomyocyte develop-
ment and differentiation. However, expression patterns and
genetic studies indicate functions for GATA-4/5/6 in devel-
opment of both visceral and definitive endoderm. Gene
targeting experiments in ES cells defined functions for
GATA-4 and GATA-6 not in cardiomyocytes, but instead
for the development of visceral endoderm (Morrisey et al.,
1998; Soudais et al., 1995). In vivo, the GATA-4 gene is not
required for specification or differentiation of mesodermal
cardiac lineages, but is necessary to form a normal primi-
tive heart tube (Jiang et al., 1998; Kuo et al., 1997; Mol-entin et al., 1997). Chimeric analyses indicate that
Copyright © 2000 by Academic Press. All rightGATA-4 is not required in myocardial or endocardial cells,
because mutant ES cells contribute to a normal heart
within a wild-type background. Further insight comes from
studies of the HAND2 (dHAND) null mutation. These mice
die from failure of right ventricle development, although
earlier heart tube fusion is normal (Srivastava et al., 1997).
In these mutant mice, the GATA-4 gene is not expressed in
myocardium but is present in the endoderm. These results
imply that GATA-4 is regulated by HAND2 (but only in
myocardium) and confirm that heart tube formation does
not require GATA-4 expression in cardiomyocytes.
We find that in gastrula stage embryos depleted of
GATA-4 function, either by a lack of retinoids or by
antisense oligomer treatment, the foregut endoderm is
abnormal, albeit defined here only by aberrant patterns of
apoptosis. It is important to note that although apoptosis
occurs in the developing foregut endoderm, the foregut is
present and appears grossly normal in the 2-day VAD
embryo. Therefore, the failure in heart tube morphogenesis
does not appear to be caused simply by physical disruption
of cardiogenic associated tissues. However, we detect con-
sistent changes in the shape of the foregut of chick embryos
treated with antisense oligomers and find that the dorsal
mesocardium, normally connecting the newly formed heart
tube and floor of the foregut, is missing in VAD quail
embryos (see Figs. 1d and 1g). Also, apoptosis in the pre-
sumptive foregut endoderm at the leading edge of the
prefusion myocardial primordia may delay or inhibit heart
tube fusion, particularly in the posterior domain that nor-
mally forms sinus venosus but fails in the VAD embryos.
Therefore, structural alterations may contribute to the
failure in subsequent morphogenesis. The gut does tend to
degenerate, but these late changes are difficult to interpret
because the VAD embryos develop numerous defects and
eventually die.
However, because a foregut does form, we suggest that
heart morphogenesis fails in the VAD embryo as a second-
ary effect due to as yet uncharacterized but abnormal
foregut development during the time of heart tube fusion.
Although a single tube is capable of forming, the defect
severely affects posterior heart tube development and ren-
ders the embryo susceptible to other morphogenetic abnor-
malities including bifida. Of course, additional functions
for RA and GATA factors may be important in the
mesoderm-derived myocardial progenitors, because we are
unable currently to deplete GATA factors from the
endoderm exclusively. However, in VAD embryos the myo-
cardium is not apoptotic, and our limited molecular analy-
sis failed to identify changes in cardiomyocyte-specific gene
expression, other than RARb2 and GATA-4 (Kostetskii et
al., 1999, 1998). Most importantly, we find that normal
anterior endoderm is sufficient to rescue heart tube mor-
phogenesis in VAD embryos. The transplanted tissue con-
tributes only to foregut and extraembryonic endoderm. The
effect appears to function at a distance and is clearly cell
nonautonomous, as transplantation of normal endoderm to
either the left or right side is sufficient for rescue, and the
s of reproduction in any form reserved.
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66 Ghatpande et al.transplanted cells only contribute to a fraction of the
normal (nonapoptotic) foregut. At this time we cannot rule
out the importance of extraembryonic endoderm for the
rescue; in this respect our results are analogous to those
reported in chimeric mouse embryos containing a wild-type
GATA-4 locus in cells that contribute to extraembryonic
and foregut endoderm (Narita et al., 1997).
The phenotype of the GATA-4 mutant mouse and our
nalyses of avian embryos depleted of GATA-4 indicates
hat GATA-4 is a critical factor required in endoderm for
ormal heart tube morphogenesis. However, an important
nresolved issue concerns specificity and redundancy
mong GATA-4/5/6. The patterns of expression for all three
enes are closely overlapping, although not identical,
hroughout early stages of cardiogenesis and in the embry-
nic heart and gut epithelium (Evans, 1997). The GATA-6
ene is expressed at increased levels in the absence of
ATA-4 in mice (perhaps compensating for some but not
ll aspects of early heart formation), and the GATA-4 gene
FIG. 4. Rescue of GATA-4 expression by transplantation of norm
quail embryos transplanted with either anterior or posterior chick e
hybridization. GATA-4 transcripts are readily detected particularly
which GATA-4 is induced by anterior endoderm (c). In contrast,
explants (d) fail to express normal patterns of GATA-4. For the em
facilitate photography.s not expressed in GATA-6 null embryoid bodies (Morrisey D
Copyright © 2000 by Academic Press. All rightt al., 1998). The GATA-6 mutant embryo dies before E7.5
ue to a failure in visceral endoderm formation, thus
recluding straightforward analysis of GATA-6 in heart and
oregut formation (although GATA-6 null cells can contrib-
te to heart in chimeric embryos, while HNF4 and late
arkers of endoderm differentiation are not expressed in
utant cells). The phenotype of a murine GATA-5 muta-
ion is not reported, but a zebrafish mutation that causes
efects in foregut development and cardia bifida (faust)
aps to the GATA-5 gene (J. Reiter and D. Stainier,
ersonal communication). Therefore, it is likely that all
hree genes contribute to normal foregut and heart devel-
pment. A major unanswered question concerns the target
enes for GATA factors that must normally be expressed in
ndoderm but that regulate heart development. These ap-
ear to encode foregut survival factors, but might also
nclude growth factors (Charng et al., 1998), cell adhesion
olecules, and compounds of the extracellular matrix rel-
vant to morphogenesis (Linask and Lash, 1986; Smith and
nterior endoderm to VAD embryos. Chimeras derived from VAD
erm were analyzed for GATA-4 expression by whole-mount in situ
he posterior heart tube of normal quail embryos (a) or chimeras in
quail embryos (b) or chimeras derived from posterior endoderm
shown in (d), part of the neural fold was removed purposefully toal a
ndod
in t
VAD
bryoickman, 1997). The identification of GATA factor target
s of reproduction in any form reserved.
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67Regulation of Heart Tube Development by Foregut EndodermFIG. 5. Both anterior and posterior endoderm explants release active RA. F9-RARE/LacZ reporter cells were incubated in the presence of
5 3 1028 M RA (a), anterior endoderm explants from VAD embryos (b), normal anterior endoderm explants (c), or normal posterior endoderm
explants (d), followed by fixation and staining for b-galactosidase. Many blue cells (for example indicated by arrows) are seen in a field of
ells in the positive control (a), while clusters of blue cells are localized near explants of either anterior (c) or posterior (d) endoderm.
lthough posterior endoderm releases as much if not more RA, this is not sufficient to rescue the VAD phenotype.
IG. 6. Depletion of transcripts for GATA-4/5/6 results in defective foregut development and apoptosis. Embryos were cultured in the presence
f control oligomers (a, c) or oligomers designed to target specifically transcripts for GATA-4/5/6 (b, d). Note that each panel shows a section of
different embryo. Details of the cardiac phenotype (seen here as cardia bifida in b) and demonstration of specificity were reported previously
Jiang et al., 1998). As shown here, oligomer treatment also results in a collapsed foregut with abnormal histology (indicated by asterisks in b) and
poptosis of foregut endoderm (determined by TUNEL assay, d). Note that apoptotic cells are also seen in extraembryonic endoderm (d).
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68 Ghatpande et al.genes in developing foregut may therefore provide new
insight into our understanding of heart tube morphogen-
esis.
Another unresolved issue concerns the nature of the
signaling molecules that establish the competence of ante-
rior endoderm to regulate heart tube development. The
wnt/b-catenin and TGF-b signaling pathways are impli-
cated in regulating the earliest stages of anterior endoderm
specification (Zorn et al., 1999). Several signaling molecules
present in anterior endoderm have been shown individually
or in combination to induce cardiogenic differentiation,
including FGF, activin, cerberus, and bone morphogenetic
proteins (Bouwmeester et al., 1996; Schultheiss et al., 1997;
ugi and Lough, 1994). Anterior endoderm acquires unique
roperties for heart induction, as posterior endoderm does
ot have the same capacity despite the presence of some of
he same factors [for example BMP2 (Schultheiss et al.,
997)]. Candidate signaling molecules that might link fo-
egut and heart development, based on defective foregut
evelopment in mutant mice, include sonic hedgehog and
ownstream components of hedgehog signaling (Litingtung
t al., 1998; Motoyama et al., 1998).
The explant assays using a RA-reporter cell line indicate
hat RA is necessary but not sufficient to rescue the VAD
henotype. It is possible that posterior endoderm expresses
n inhibitor of the RA pathway or that distinct retinoids,
ot distinguished by the assay, are released by the two
egions. However, we favor the hypothesis that relatively
ow levels of RA (perhaps indirectly) are able to synergize
ith other signaling molecules such as BMPs and FGF to
nitiate a GATA-dependent program of endoderm develop-
ent that is specific to anterior endoderm and is critical for
urvival of presumptive foregut and early steps of heart tube
orphogenesis.
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